Intense efforts to detect, diagnose, and analyze the kinetic and structural properties of amyloid fibrils have generated a powerful toolkit of amyloid-specific molecular probes. Since its first description in 1959, the fluorescent dye Thioflavin-T (ThT) has become among the most widely used "gold standards" for selectively staining and identifying amyloid fibrils both in vivo and in vitro. The large enhancement of its fluorescence emission upon binding to fibrils makes ThT a particularly powerful and convenient tool. Despite its widespread use in clinical and basic science applications, the molecular mechanism for the ability of ThT to recognize diverse types of amyloid fibrils and for the dye's characteristic fluorescence has only begun to be elucidated. Here, we review recent progress in the understanding of ThT-fibril interactions at an atomic resolution. These studies have yielded important insights into amyloid structures and the processes of fibril formation, and they also offer guidance for designing the next generation of amyloid assembly diagnostics, inhibitors, and therapeutics.
Introduction
Amyloid fibrils are insoluble proteinaceous materials found in a wide range of proteinmisfolding diseases, including Alzheimer's and prion diseases as well as several types of systemic amyloidoses [1, 2] . In 1853, Virchow described among the first methods for the detection of amyloid by staining diseased organ samples with an iodine-sulphuric acid treatment [3, 4] . Because the insoluble nature of amyloid fibrils has precluded the use of many biochemical tools, amyloid dyes have since served as the dominant method for amyloid investigation.
Throughout the early and mid 20 th century, the histological detection of amyloid was commonly performed using Congo red, a deep crimson dye adapted from the fabric industry. Unfortunately, the Congo red staining process is laborious and requires the use of polarized light microscopy, and the dye's enigmatic "apple green birefringence" is often difficult to interpret [5] . The so-called direct dyes, represented by Congo red, function based on different affinities to fibrils and non-fibrillar materials. Their use requires staining followed by washing, leading to significant level of background staining and low reproducibility. In contrast, fluorigenic compounds become highly fluorescent only when they are bound to a particular molecular entity, and thus they offer a set of highly sensitive and convenient techniques for detecting cellular components and structures beyond those which could be observed with direct dyes [6] . In 1959, Vassar and Culling demonstrated the potential of fluorescent microscopy for amyloid fibril diagnosis in a pioneering report of amyloid-specific fluorescent stains. They were first to describe the use of the benzathiole dye Thioflavin-T (ThT) as a potent fluorescent marker of amyloid in histology ( Figure 1a ) [7] . They noted that ThT selectively localized to amyloid deposits, thereupon exhibiting a dramatic increase in fluorescent brightness ( Figure  1b and 1c) . In comparisons against several routine amyloid dyes, they recommended ThT be used for the "demonstration of amyloid, it being far superior to Congo red or methyl violet" [7] .
Research conducted in the late 1980s and early 1990s was critical in expanding the range of applications of ThT from histology to in vitro characterization. Naiki et al and LeVine were among the first to thoroughly characterize the fluorescence spectra and binding properties of ThT [8] [9] [10] [11] [12] [13] . They demonstrated that, upon binding of fibrils, ThT displays a dramatic shift of the excitation maximum (from 385 nm to 450 nm) and the emission maximum (from 445 nm to 482 nm) and that ThT fluorescence originates only from the dye bound to amyloid fibrils [8, 11] . The several orders of magnitude increase in ThT fluorescence intensity upon fibril binding makes it an unusually sensitive and efficient reporter, thus eliminating the need for washing and enabling real-time, in-solution observation of fibrillization (Figure 1d and 1e) [14] . Its high solubility in water and moderate affinity to fibrils (K d in the sub-and low-μM range) additionally make ThT amenable to many experimental systems [15] . Importantly, these studies demonstrated that ThT binds equally effectively to diverse fibrils prepared from synthetic and biological sources [8, 11] . These results provided critical support to the growing view that amyloid fibrils shared a common molecular structure and bolstered the use of peptide models for studying amyloid fibrils.
Amyloid fibrils are characterized by a long, generally unbranched ribbon-like morphology [16] . At the molecular level, amyloids share a common "cross-β" architecture, consisting of laminated β-sheets whose strands run perpendicular to the long-axis of the fibril (Fig. 2a ) [16] . This β-rich composition produces the characteristic 4.8 Å and 10-11 Å reflections observed in X-ray diffraction experiments of amyloid fibrils, which are attributed to the strand spacing within and between β-sheet layers, respectively [16, 17] . It has become clear that many polypeptides have an inherent ability to self-associate into β-rich fibril structures, explaining the broad incidence of pathogenic amyloids [18] . Interestingly, the cross-β architecture is also shared by "functional amyloids" that play key roles in bacterial, fungal, and animal cells [19, 20] . The studies by Naiki et al and LeVine showed that dye binding is linked to the presence of the cross-β structure of fibrils. This realization was a critical turning point in the use of amyloid dyes not merely as indicators of the presence of mature amyloids, but as a tool for dissecting their structure and the mechanism of amyloid formation. For example, a combination of ThT staining and total internal reflection fluorescence (TIRF) microscopy has recently allowed real-time visualization of fibril morphology changes and revealed a previously uncharacterized branched morphology (Figure 1c ) [21] . The ability of ThT and its derivatives to specifically recognize and bind with modest affinity to amyloid has allowed it to serve as an excellent starting scaffold for derivatization and elaboration to generate a number of alternative amyloid stains and clinical reagents, including for use in medical imaging of amyloid in living patients [22] [23] [24] . A large number of these ThT derivatives have been developed and reviewed elsewhere [22] .
ThT is among the most widely used amyloid dye among the hundreds of amyloid reports published yearly. The intensive use of ThT as an in vitro marker of amyloid formation has spawned substantial research into the mechanism of ThT binding, with the main goal of answering the following questions:
1. What common structure(s) does ThT recognize and how? 2. How do these interactions lead to the dramatic increase in ThT fluorescence?
Within the past several years, a series of critical experimental analyses of ThT have illuminated many of the detailed and atomic-level interactions necessary for ThT binding and fluorescence. Because several recent reports have discussed the broad range of amyloid staining dyes [15, 25, 26] , here we focus on recent atomic-level studies of the fibril-binding mechanism of ThT. Through a combination of biophysical and biochemical analysis, protein engineering, fluorescence microscopy, and computational simulation, a coherent mechanism for ThT-fibril interactions has emerged.
Spectroscopic characteristics of ThT bound to fibrils
Fluorescence enhancement upon binding to fibrils is the most defining and thoroughly studied property of ThT. It is widely believed that the dramatic increase in ThT fluorescence results from the selective immobilization of a subset of ThT conformers [27, 28] . A wealth of experimental data and quantum mechanical predictions suggest that ThT behaves as a "molecular rotor" [29, 30] . In solution, a low energy barrier allows the benzylamine and benzathiole rings of ThT to rotate freely about their shared carbon-carbon bond ( Figure 1a ). This rotation rapidly quenches excited states generated by photon excitation, causing low fluorescence emission for free ThT (Figure 1d ). In contrast, rotational immobilization of ThT preserves the excited state, resulting in a high quantum yield of fluorescence (Figure 1d ). By extension, amyloid fibrils are likely to present a ThT-binding site that sterically "locks" the bound dye, thus leading to an enhancement of ThT fluorescence.
In addition to its fluorescent properties, circular dichroism (CD) spectra of ThT bound to fibrils often display a substantial "Cotton effect" peak at 450 nm that reflects the dye's twisted, chiral conformation [27, 28, 31] (Figure 1a) . However, it does not appear that immobilizing ThT in a chiral conformation is necessary for a large fluorescence enhancement. For instance, a crystallographic study showed that ThT bound to acetylcholinesterase is in an achiral, planar conformation (Figure 3) , even though the dye exhibits a high level of fluorescence indistinguishable from ThT bound to fibrils [32] . Taken together, these results suggest that the chiral twist of ThT is a consequence of ThT binding to a chiral environment of amyloid fibrils but not a prerequisite for a large enhancement of ThT fluorescence.
Channel model of ThT binding
The increasing number of structural models for amyloid fibrils has provided a molecular foundation for rationalizing the binding modes of ThT. ThT binds to diverse fibrils, despite their distinct amino acid sequences, strongly suggesting that ThT recognizes a structural feature common among fibrils. Because amyloid fibrils share the cross-β architecture, it is generally accepted that the surfaces of cross-β structures form the ThT-binding sites. The cross-β structure of fibrils ( Figure 2a ) gives rise to a specific arrangement of side-chains termed "crossstrand ladders" presented on the β-sheet framework (Figure 2b ) [33] . These cross-strand ladders consist of repeating side-chain interactions running across β-strands within a β-sheet layer (i.e. parallel to the long axis of the fibril) and arise from the inherently repetitive nature of self-assembly. Recent structures of short fibril-forming peptides demonstrate that these neighboring rows of cross-strand side-chains occur regardless of peptide sequence, and form extended channel-like motifs along solvent-exposed surfaces of fibrils into which linear dyes could bind (Figure 2b ) [34] [35] [36] [37] . Thus, ThT binding to the β-sheet surface along channels formed by cross-strand ladders would rationalize the ability of ThT to bind many peptide selfassemblies.
Using polarized fluorescence microscopy, Krebs et al revealed that ThT molecules bound to fibrils are aligned parallel to the long axis of the fiber. Importantly, the cross-strand ladders are also aligned parallel to the long-axis of the fiber, and thus these results provided among the earliest evidence that the regular orientations of side chains in fibrils might be the common recognition motif underlying ThT's broad range of amyloid staining [38] . However, the resolution of fluorescence microscopy is insufficient for elucidating atomic details of ThTfibril interactions. A similar channel model for large, linear dyes such as Congo red was suggested as early as 1974 [39, 40] .
Self-association models of ThT binding
Alternate theories of ThT binding have emphasized the capacity of ThT for self-association. Khurana et al noted that most experiments employing ThT are performed at or above the critical micelle concentration (CMC) of the dye, estimated at ~4 μM in water [41] . They therefore hypothesized that amyloid staining by ThT is largely the result of hydrophobic interactions between amyloid and ThT micelles. However, subsequent reports have argued that the CMC under similar conditions is ~30 μM, and thus micelles should not exist under commonly-used ThT concentrations [31] . A more nuanced emerging theory proposed by Groenning et al suggests that ThT may bind as excited dimers ("excimers") to large hydrophobic cavities within fibrils [42, 43] . However, none of these alternative models can fully account for the chiral bias of bound ThT [27, 28] nor its preference to bind parallel to the long axis of fibrils [38] . Moreover, analysis of ThT binding cooperativity suggests that independent ThT molecules often bind at a single type of site [13] . While the self-association models may explain some aspects of promiscuous ThT staining, they are inconsistent with numerous recent works detailing specific molecular interactions of ThT with the fibril surface.
Atomic level studies of ThT-fibril interactions
There remains a paucity of experimental data that has directly determined the modes of fibrildye interactions at an atomic level. Fibrils and other peptide self-assemblies are insoluble and often heterogeneous in their composition, making it extremely difficult to characterize their interactions with ligands using high-resolution techniques such as X-ray crystallography and solution NMR spectroscopy. Moreover, the modest affinity of these dyes to fibrils can impede the collection and interpretation of biophysical data. Thus, there have been no experimental structures of ThT or any other dyes bound to fibrils. The approaches to surmount these experimental obstacles have been two-fold: in silico simulation of ThT binding, and the application of smaller and more experimentally amenable self-assembly model systems. Both methodologies have yielded considerable insight into the ThT binding mechanism and defined the minimal requirements for ThT-binding competent surfaces.
Molecular dynamics simulations demonstrate ThT binds in side-chain channels
Computational simulations allow structurally complex amyloid fibrils to be dissected into tractable minimalist models that effectively eliminate uncontrollable assemblies plaguing experimental studies. Wu et al have extensively investigated the mechanistic basis of amyloiddye interactions using this molecular dynamics simulation strategy (Figure 4a and 4b) [44, 45] . For their simulations, Wu et al constructed eight-stranded segments of bi-layer cross-β protofibrils of the peptide sequence KLVFFAE based on the atomic structures of short fibrilforming peptides [44, 45] . Because amyloids are structurally repetitive, even a small β-sheet segment can effectively capture the properties of a much larger fibril superstructure. These simulations thus allowed Wu et al to examine ThT-binding to three common motifs in fibrillike structures: exposed β-sheet edges, an extended β-sheet surface, as well the laminated "steric zipper" interface between the β-sheets. ThT-binding was performed by placing the protofibril models in a periodic water box with ~9100 water molecules, four ThT molecules, and four neutralizing chloride ions. Molecular dynamics simulations were conducted at 320 K over 20 ns, and the resulting bound populations of ThT clustered in order to reveal preferential sites for dye-interactions.
The results from the ThT simulations have provided strong support for the channel model, demonstrating that linear dyes bind parallel to the long axis of the fibril surface in grooves formed by side-chain ladders (Figure 2a and 2b) [44, 45] . Interestingly, binding between the sheets was rarely observed, presumably because the stability of the hydrophobic steric zipper present between β-sheets precluded intercalation of dye. Interactions with the edges of the sheet were also less common than those observed along the flat β-sheet surface. Furthermore, ThT was found to rapidly bind and dissociate from the fibril surface, in agreement with the moderate K d of amyloid dyes. Among the most striking insights was the observation that ThT did not bind uniformly to the β-sheet surface, but preferentially interacted with channels formed by aromatic residues (for instance, a Val-Phe cross-strand motif; Figures 3a and 3b ). These results demonstrate that there exist punctuated sites with high ThT affinity in amyloid fibrils. Thus, surface-exposed grooves lined with aromatic amino acids may be a common element among many fibrils that can be stained with ThT.
Peptide self-assembly mimics (PSAMs) experimentally define a minimalist ThT binding site
In a parallel series of experiments, Biancalana et al designed a set of novel ThT-binding proteins to define the minimal requirements for ThT binding [46] . These proteins were based on the peptide self-assembly mimic (PSAM) model system (Figure 4c ) [46] , which are highly stable, monomeric, and water-soluble recombinant proteins. The PSAMs are derived from Borrelia outer surface protein A (OspA), which contains a flat single-layer β-sheet capped at either end with globular domains [47] . The ThT-binding proteins were designed using a PSAM scaffold in which three copies of an endogenous β-hairpin were copied and re-inserted into the central β-sheet, thus forming a sheet with four homologous β-hairpins comprising eight β-strands (i.e. "OspA+3bh") [47] . The PSAMs capture the fundamental, repetitive features of a fibril-like β-sheet surface in a water-soluble protein that is easily adapted to biophysical analysis including X-ray crystallography. Importantly, the PSAM allows for the introduction of precise amino acid changes without affecting the overall β-sheet alignment, because all adjacent β-strands are covalently connected.
Biancalana et al designed a minimalist ThT binding site in the PSAMs using the combined principles established through computational and macroscopic analysis of ThT interactions (Figure 4c ) [46] . The wild-type PSAM contains a series of highly charged amino acid ladders and it was found not to appreciably bind ThT, in agreement with the poor affinity of ThT for many highly charged fibrils [31, 48] (Figure 4c ). Systematic mutagenesis allowed the introduction of a series of cross-strand ladders containing hydrophobic and aromatic amino acids (Figure 4c ), which are commonly found in fibril-forming peptides [33, 49] and were observed as a principal ThT binding site in simulations [44] . Ultimately, adjacent (side-byside) ladders formed from Tyr and Leu generated a high-affinity (K d ~2 μM) ThT binding site that recapitulated all hallmarks of ThT binding to fibrils, including intense fluorescence and the Cotton effect (Figure 4d and 4e) . Moreover, stoichiometric analysis demonstrated that ThT bound to the Tyr-Leu site as a single, discrete molecule, as opposed to a micelle or a dimer.
The crystal structure of the ThT-binding PSAM in the absence of ThT revealed a shallow groove formed by alternating conformers of Tyr aromatic rings, stabilized by packing interactions with adjacent Leu residues (Figure 4d and 4e) . Unfortunately, apparent direct competition between ThT and the polyethylene glycol (PEG) used for crystallization prevented visualization of ThT interactions with the β-sheet surface (Figure 4d ). Subsequent molecular dynamics analysis of the PSAM in the presence of ThT enabled the first application of dye-binding simulations to a discrete and well-defined ThT binding site [50] . The hybrid experimental and computational approach employed to study the PSAMs has thus provided an important link between dye-binding simulations and experimentally testable hypotheses. Molecular dynamics simulations were conducted in a similar manner as for the eight-stranded KLVFFAE protofibrils described above [44, 45] . In order to maximize computational efficiency, the N-and C-terminal globular domains of the PSAMs were removed, as these have been experimentally demonstrated not to bind ThT. The initial system was composed of a periodic water box containing ~5600 water molecules, the "excised" PSAM flat β-sheet, two ThT molecules, and two neutralizing chloride ions. Simulations were conducted at 310 K over 100 ns, and the resulting populations of bound ThT molecules were clustered into predominant binding modes. These simulations demonstrated that ThT binds primarily to the designed site along the shallow groove formed by cross-strand Tyr side chains, making subtle contacts with the adjacent Leu ladder (Figure 4f-4h, Site a) . The striking similarity between the Val-Phe [44] and Tyr-Leu [50] ThT-binding motifs observed in simulations offers support for the validity and potency of such aromatic-mediated ThT binding modes. These results strongly suggest that surface-exposed channels rich in aromatic amino acids are the primary binding sites of ThT. Together, the findings rationalize the broad binding spectrum of ThT toward diverse fibrils.
Size requirements for ThT binding sites
The PSAM system has been uniquely powerful in defining the minimal size requirements for ThT binding due to the ease with which ThT binding sites of varying sizes can be produced through site-directed mutagenesis. Though recent work has yielded atomic-resolution insight into microcrystalline self-assemblies, which could in principle be used as the starting structure for systematic mutagenesis experiments for ThT binding, the surface properties of the short peptide subunits cannot be precisely manipulated without disrupting, destabilizing or altering the mode of assembly [34, 35] . In contrast, because the PSAM scaffold is highly stable and monomeric, point mutations can confidently be used to manipulate a localized and well-defined ThT binding site without altering the overall polypeptide structure. Biancalana et al [46] determined the minimal binding site for ThT by systematically dissecting a long channel composed of Tyr and Leu into sequentially shorter binding sites (Figure 4c ). The shorter ThTbinding motifs were generated by reverting the Tyr and Leu ladders to the charged amino acid residues (Lys and Glu) found in the wild-type PSAM that exhibited no detectable ThT binding. These experiments have demonstrated that the minimal binding site for ThT that recapitulates all the hallmarks and typical K d of ThT binding to fibrils is comprised from a channel across five or more β-strands of a flat β-sheet surface (Figure 4c-4e ).
The molecular dynamics simulations of ThT binding to the Tyr/Leu motif of the PSAM ( Figure  4g , Site a) demonstrated that the bound ThT molecules are dispersed by a longitudinal translation across the five Leu and Tyr residues with a magnitude up to the spacing between adjacent β-strands. The lack of a single preferred orientation of ThT within this site indicates that the groove across five cross-strand residue pairs is slightly longer than the minimal ThT binding site. The head-to-tail length of ThT (•15 Å) is in fact more representative of the Cα-Cα distance of a four-residue ladder (•14 Å) rather than a five-residue ladder [46, 50] . Although Biancalana et al. have shown that a PSAM containing a similar Tyr/Leu ladder across only four β-strands binds ThT weakly, this effect is likely to have been caused by the charged amino acids used to replace the Tyr and Leu residues. Thus, the results of these simulations suggest that, in the absence of repulsive electrostatic interactions, ThT can bind to a minimal groove formed from four aromatic-hydrophobic cross-strand residues. Because these results establish a minimal structural threshold for high-affinity ThT binding, they should facilitate interpretation of ThT-binding data in molecular terms. Knowledge gained from PSAM studies may therefore be useful for better defining the structure of small self-assemblies and protein oligomers.
The size requirements described above also rationalize why ThT does not bind most β-sheet rich globular proteins. Typical globular proteins contain highly twisted β-sheets consisting of less than four β-strands, which are thus too distorted and too short to form suitable ThT-binding motifs [38, 51, 52] . However, the self-assembly of native-like proteins can give rise to large fibrillar structures capable of binding ThT [53] , such as observed for β2-microglobulin [54] and transthyretin [55] . Although the β-sheet surfaces found in the native structures of these aggregating proteins are often only three β-strands in width and are thus incapable of binding ThT, when assembled in the context of fibrils these proteins create extended, flat β-sheet surfaces that form a ThT-binding motif.
Sequence preferences in ThT binding sites
Despite its capacity to bind an extraordinary variety of amyloid [15] , ThT possesses some level of amino acid sequence specificity. Identifying amino acid motifs capable of binding ThT has been immeasurably aided by atomic insight into ThT-fibril interactions, which have demonstrated that the ThT-binding behavior of a fibril often correlates with the chemical properties of particular cross-strand ladders. Many interactions with ThT are mediated predominantly by aromatic side-chains, particularly Tyr and Phe (Figures 3 and 4) [ [44] [45] [46] 50] . Aromatic residues present large hydrophobic surfaces along which ThT can bind, and moreover their capacity to π-stack with the dye may be a key component of many dye-binding interactions. In the case of the PSAMs, even though alternating Tyr conformers formed the majority of the dye-binding site, the Leu ladder (which replaced charged residues) was also critical for generating a strong affinity to ThT [46, 50] . These results demonstrate that sidechain interactions in ThT binding sites are likely to be cooperative and sometimes difficult to predict.
Contrarily, a number of general characteristics have also been proposed for fibrils with a poor capacity to bind ThT. The fact that highly charged fibrils such as poly-Lys do not appreciably bind ThT is likely due to electrostatic repulsion [31, 48] . Precise point mutagenesis in the PSAM system has moreover demonstrated that charged amino acids are particularly efficient at ablating ThT binding (Figure 4g ) [46, 50] . These results are consistent with the observed dependence of ThT affinity on experimental conditions. For instance, the affinity of ThT is lower at acidic pH than at neutral pH, probably due to electrostatic repulsion of the dye by an increase in positive charge [13, 31] . Accordingly, the reduction in affinity at acidic pH can be overcome by shielding like charges between the dye and fibril through increasing the ionic strength [12, 31] . These considerations have been thoroughly reviewed elsewhere [15] . Proper interpretation of results obtained through ThT staining thus requires an intimate understanding of the mechanistic basis by which ThT recognizes the structural features of amyloid.
ThT binding to non-fibrillar structures
Despite its demonstrated utility as an amyloid stain, continued concerns over potential crossreactivity of ThT have led to several important studies probing its specificity. In particular, ThT's capacity to bind hydrophobic pockets in globular proteins has been extensively characterized. The crystal structure of ThT bound to acetylcholinesterase demonstrated that the dye binds in a site formed primarily of α-helices, in striking contrast to cross-β fibrils ( Figure  3 ) [32] . Interestingly, nearly all contacts with ThT were mediated by aromatic residues in the binding pocket, including extensive π-stacking with Tyr and Trp (Figure 3b ). The structure thus bears a strong resemblance to the Tyr-rich channel of the ThT-binding PSAM, in particular the binding cleft created by orthogonal orientations of the adjacent aromatic rings (Figure 4e) . A model of Congo red bound parallel to the β-strands of a dimer of porcine insulin contained an abundance of aromatic interactions between the dye molecule and Tyr/Phe side chains, though it should be noted that the dye molecules could be modeled only with an extremely low occupancy of ~3 %, casting a significant doubt on the validity of this structural model [56] . ThT has also been shown to bind to a hydrophobic pocket of human serum albumin with comparable affinity to many drug-like molecules [57] . ThT's capacity to interact with hydrophobic pockets in non-fibrillar proteins may also rationalize its ability to bind in cavities between protomers of insulin fibrils [42, 43] . These observations emphasize that it is essential to verify that ThT does not stain the starting materials when used as a fibrillization reporter, especially in cases of fibrils formed from associations of globular proteins.
Implications of atomic models of ThT-binding in the use of amyloid dyes
Taken together, the atomic-level descriptions of the channel model of ThT binding have highlighted a number of important considerations for the use of ThT. It is clear that particular care must be taken when ThT is used in the presence of other amyloid dyes or inhibitors, as these compounds often have overlapping binding sites along the fibril surface, or spectroscopic properties which interfere with ThT's staining capacity. An especially deceptive example can be found in the case of the aromatic-rich antibiotic rifampicin, which completely ablates ThT binding to islet amyloid fibrils without altering their structure [58] . ThT binding has been shown to be inhibited by common reagents such as glycerol [59] , PEG [46] , and the hydrophobic dye bis-ANS [46] , as well as by the polyphenols resveratol and curcumin [60] . Thus, the dramatic decrease in ThT binding in the presence of these compounds is likely due to direct competition for common binding sites within channels on the fibril surface, rather than the dissociation of the fibrils themselves. As shown by the crystal structure of the ThTbinding PSAM, well-ordered PEG molecules within the cross-strand channel occluded the ThT binding site [46] . Screens for novel amyloid inhibitors must therefore be performed with extreme caution if employing ThT fluorescence as a detection method.
ThT has historically been regarded as a passive amyloid reporter that shows no appreciable influence on the size, morphology, or rate of growth of amyloid fibrils [61] [62] [63] [64] . However, the passivity of ThT as an amyloid dye often appears to be assumed rather than demonstrated. Indeed only sparse datasets in a limited number of fibril systems have been used to substantiate the minimal perturbations to amyloid structure induced by the dye [61] [62] [63] [64] . Given that ThT bears structural similarity to many amyloid inhibitors in that it contains multiple aromatic rings [15, 25, 26] , it is quite possible that ThT influences fibril formation. Similar compounds such as Congo red have to varying degrees displayed a capacity to both enhance and inhibit fibril formation [65, 66] , potentially compromising their objectivity as diagnostic tools. The preferential binding of ThT to β-sheet surfaces also suggest that ThT can interfere with β-sheet lamination necessary for fibril formation. Therefore, further careful studies are required to determine the degree to which ThT influences fibril structure and kinetics.
Conclusions and future perspectives
For over 50 years, the success of ThT as an amyloid dye has resulted from its broad staining capacity, extraordinary sensitivity, and ease of use. These considerations have made it among the most widely used dyes for monitoring amyloid formation. ThT's robust staining properties continue to form the basis of innovative methods for the detection and analysis of fibrils both in vitro and in vivo. Further investigations into the molecular mechanism of ThT interactions are needed to advance our understanding of amyloid formation, kinetics, structure, and pathogenesis. Insights from such investigations will assist those who design amyloid probes and those who apply them in research and diagnostic settings. The recent intense study of the molecular mechanism of ThT binding suggests it may be possible to apply structure-guided design to modulate the specificity of ThT to particular amyloid fibrils. Moreover, as a representative amyloid dye, understanding ThT interactions in atomic detail will ultimately guide therapies to treat amyloid diseases. Common experimental techniques employing ThT. (a) Structure of ThT (top). The two planer segments of ThT whose mutual rotation defines chirality are also shown (bottom). (b) Early histology using Thioflavin-T to stain primary kidney amyloid [7] . (c) TIRF microscopy image of branched glucagon fibrils stained with ThT [21] . The common structure of fibrils and a structural rationale for fibril-ThT interactions. (a) Cross-β structure of amyloid fibrils, formed from layers of laminated β-sheets. (b) "Channel" model of ThT binding to fibril-like β-sheets. ThT is proposed to bind along surface side-chain grooves running parallel to the long axis of the β-sheet. Crystal structure of ThT bound to acetylcholinesterase (PDB 2J3Q) [32] . domains have been experimentally demonstrated not to bind ThT. Aromatic residues are shown in green, hydrophobic residues are grey, positively charged residues are blue, and negatively charged residues are red. (g) Binding modes of ThT within an engineered channel [50] . Four clusters are located at: the shadow groove formed by continuous Tyr side chains (Site a); on top of β-strand 3-5 (Site b) and at the two edges of the β-sheet (Sites c & d) . ThT molecules are represented by lines. Site a is the most populated and energetically favored of these sites, and precisely corresponds to the engineered ThT-binding mutations. (h) Lateral view of ThT-binding simulation to the PSAM, showing that ThT binds primarily to the designed aromatic-hydrophobic face of the β-sheet [50] . Almost no binding is observed on the opposite charged surface of the β-sheet (each black dot represents a ligand). The Nterminus of the β-sheet is shown as a red ball. Images in all panels have been reproduced with permission.
